Introduction {#S0001}
============

Therapeutic biologics include a range of recombinant proteins such as hormones, growth factors, enzymes, blood products, monoclonal antibody (mAb)-based therapeutics, fusion proteins, and vaccines. Among these, mAb-based therapeutics comprise more than 50% of the overall biotherapeutic market, and global mAb product sales hit 100 USD billion in 2017.^[1](#CIT0001)^ Herceptin® (trastuzumab) was in the top five best-selling mAbs, with total sales of 7.4 USD billion in 2017.^[2](#CIT0002)^ As healthcare spending increased to more than 17.9% of the total US gross domestic product in 2017, lowering the cost of medicine is a rapidly growing concern.^[3](#CIT0003)^ Development of less costly biosimilar mAb therapeutics is a focus for both innovator and generic biopharmaceutical companies.^[4](#CIT0004),[5](#CIT0005)^ It is estimated biosimilars will comprise 410% of the global biologics market by 2020, with the US being the biggest markets for biosimilars.^[6](#CIT0006),[7](#CIT0007)^ To earn US Food and Drug Administration approval, biosimilars must achieve quality, efficacy and safety that conforms as closely as possible to the innovator drug.^[8](#CIT0008)^

*N*-Glycosylation is a common post-translational modification that can affect the function of therapeutic glycoproteins. Though glycans contribute only about 3% of the total protein molecular mass of most mAbs, they have substantial functional relevance on cellular effector functions,^[9](#CIT0009),[10](#CIT0010)^ complement activation,^[11](#CIT0011)^ clearance,^[12](#CIT0012)^ stability,^[13](#CIT0013)^ immunogenicity,^[14](#CIT0014)^ folding,^[15](#CIT0015)^ and pharmacokinetics.^[16](#CIT0016)^ In neoadjuvant settings, antibody-dependent cell-mediated cytotoxicity (ADCC) is major mechanism of action for trastuzumab,^[17](#CIT0017)^ and glycosylation has been shown to affect ADCC. Specifically, mAbs that lack of core fucose from *N*-glycans demonstrate stronger ADCC at lower concentration with much higher efficacy compared to fucosylated counterparts.^[18](#CIT0018)^ Glycosylation of manufactured proteins varies with multiple factors, including clonal population and selection, media selection, production system, and glycoengineering strategies.^[19](#CIT0019),[20](#CIT0020)^ Glycosylation is thus an important attribute of biopharmaceutical products to monitor from development through production and scale-up. Additionally, regulatory authorities require that the glycan profile be tightly maintained.^[21](#CIT0021)^ Comparison of the glycan profiles of a generic biotherapeutic with reference to an innovator molecule is one of the necessary ways to demonstrate biosimilarity.^[22](#CIT0022)^

Recent advances in analytical techniques, particularly liquid chromatography (LC), capillary electrophoresis and mass spectrometry (MS), facilitate the detailed characterization of glycans on biotherapeutic proteins.^[23](#CIT0023)--[25](#CIT0025)^ However, given their inherent complexity, lack of chromophore, the existence of isoforms (through both position and linkages), and low MS ionization efficiency, glycan analysis remains challenging.^[26](#CIT0026),[27](#CIT0030)^ To enable sensitive analytical measurements, the released glycans are usually derivatized by a fluorophore. Various derivatization methods have been reported,^[28](#CIT0031)^ but 2-aminobenzamide (2-AB) or 2-aminoanthranilic acid (2-AA) have routinely been used in the biopharmaceutical industry to derivatize the glycans via a time-consuming reductive amination reaction followed by fluorescence detection (FLD).^[29](#CIT0032),[30](#CIT0033)^ The advantage of this approach is that the relative quantification of different glycoforms is based on fluorescence intensity,^[31](#CIT0034)^ and the stoichiometric ratio of label molecule and the glycan molecule is one-to-one. However, one of the major disadvantages of 2-AB or 2-AA is poor ionization efficiency, which hampers MS analysis and further identification of glycoforms based on mass-to-charge ratio.^[32](#CIT0035)^ This has resulted in the introduction of MS-sensitive glycan labeling derivatives that can be used to identify glycoforms using LC-MS without sacrificing the sensitivity of fluorescence detection. Fulfilling these requirements, many derivatives have been reported, including procainamide (4-amino-*N*-\[2-(diethylamino)ethyl\] benzamide, ProcA), procaine (4-aminobenzoic acid 2-diethylaminoethyl ester) and Waters' *Rapi*Fluor-MS® labeling agent (RF-MS).^[26](#CIT0026),[33](#CIT0036),[34](#CIT0037)^ A comparison of 2-AB- versus ProcA-labeled glycans from IgG shows comparable hydrophilic interaction chromatography (HILIC) -- high performance liquid chromatography (HPLC) separation, and ProcA derivatization results in both higher fluorescence intensity and significantly improved electrospray ionization (ESI) efficiency (up to 30 times that of 2-AB).^[35](#CIT0038)^ Keserand and coworkers compared 2-AB, ProcA, and RF-MS as derivatizing agents for HILIC-UPLC-FLD-MS of N-glycans and found that ProcA resulted in the highest FLD sensitivity and RF-MS had the highest MS sensitivity.^[36](#CIT0039)^ Further, in a ProZyme technical note, a comparison of FLD and MS response of glycans labeled with a derivatized version of procaine (IPC), RF-MS, ProcA and 2-AB, it is reported that IPC labeling is superior in FLD and MS response.^[37](#CIT0040)^

Traditionally in process development, glycan analysis involves two different types of samples: upstream and downstream. Glycan analysis of upstream samples requires the removal of host cell proteins and other protein components of cell culture media. Glycan analysis of downstream samples that have already undergone purification traditionally uses a single 10 or 30 kDa molecular weight cutoff (MWCO) filter to separate released glycans from the protein.^[38](#CIT0041)^ The method developed here involves glycoproteins (Fc containing) binding to protein A (PA), which helps remove host cell proteins and other proteins present in the cell culture media and may allow for the exact same methodology to be applied to all upstream and downstream samples throughout process development.

In this study, we investigated a novel method, PA-IPC, where glycans are released from mAbs while they are bound to PA cartridges, and compare it to traditional methods utilizing MWCO filters (MWCO-IPC). MWCO filters were found to selectively bind certain glycans, and a detergent wash step (sodium deoxycholate, SDC) was added to the method (MWCO-SDC-IPC), which has been shown to be an improvement in filter-aided sample preparation in protein and glycoprotein digestion.^[39](#CIT0042),[40](#CIT0043)^ In addition, we used the PA-IPC method, which reliably identifies, quantifies and recovers more glycans, to compare the glycan profiles of innovator Herceptin® antibody products (6 lots, HER1 to HER6; 4 European and 2 US) with internal developmental biosimilar drug substance (scale-up bioreactor runs).

Results {#S0002}
=======
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Comparison of PA-IPC to traditional filter-assisted glycan separation (MWCO-IPC, an approach limited to purified protein) of HER5 shows most of the glycans identified by PA-IPC are also identified by MWCO-IPC ([Table 2](#T0002)). However, the relative abundance of some glycoforms differs across the two methods. In fact, sialylated (SA) glycoforms have a higher recovery from the PA-IPC method compared to the MWCO-IPC method. Notably, G2 + 2SA+M1 is not detected at all by the MWCO-IPC method ([Table 2](#T0002), [Figure 2](#F0002)). To address these low recoveries or missing glycoforms, we introduced the use of SDC, an ionic detergent that could replace negatively charged sialylated glycoforms from the filter membrane, in a third method (MWCO-SDC-IPC). With SDC as a wash, recovery of sialylated glycoforms was improved, but still lower relative to the PA-IPC method ([Table 2](#T0002), [Figure 2](#F0002)). Also, RSD% (relative area) obtained from multiple sample preparation (n = 6) shows that the PA-IPC method yields better precision in relative quantification of glycoforms than the other two approaches (MWCO-IPC and MWCO-SDC-IPC, [Table 2](#T0002)).10.1080/19420862.2020.1750794-F0002Figure 2.Relative Quantification of Sialylated Glycoforms Identified from Trastuzumab by PA-IPC, MWCO-IPC and MWCO-IPC-SDC.

We applied the PA-IPC method to compare the glycan profiles of innovator Herceptin® antibody product (6 lots; 4 European and 2 US) with developmental biosimilar cell culture upstream (UPS) and downstream drug substance (DS) samples from 20- and 200-L batches. The glycan profile among the six innovator lots (HER1 -HER6) is consistent for most glycoforms. However, one of the EU lots (HER 4), has noticeable differences in the relative quantities of the glycoforms G0-GlcNAc, G0, M5, G1 Fa, G1+ SA, M7 and G2+ SA+M1 ([Table 3](#T0003)). For the biosimilar lots, the glycan profiles remain consistent at each scale (20 or 200 L) between upstream and downstream samples ([Table 3](#T0003)), indicating that there is no loss or change of any glycoforms during the purification process. However, there is a noticeable difference in glycoforms between the scale-up (20--200 L) developmental biosimilar batches. Specifically, scale-up resulted in a maximum of 2.5 times decrease in some of the agalactosylated glycoforms, such as G0-GlcNAc, G0 F-GlcNAc, and G0, while there were noticeable increases in others, G0 F and G0 F+ GlcNAc ([Table 3](#T0003)). Comparison of the biosimilar lots with the 6 Herceptin® antibody lots shows that the quantification of all glycoforms in DS batches, other than G0 in the 20 L batches, falls within 2 standard deviations of the Herceptin® antibody lot average ([Table 3](#T0003), [Figure *3*](#F0003)). The data included in [Table 3](#T0003) were collected as part of an extensive glycan improvement study directed toward optimizing biosimilar developmental batches of trastuzumab. Publication of detailed upstream and downstream process information and potential causes for glycoform quantity changes related to the scale-up production system and glycoengineering strategies is planned.10.1080/19420862.2020.1750794-T0003Table 3.Comparison of relative quantification (relative area) of glycoforms from Herceptin® antibody (4 EU and 2 US) and trastuzumab developmental scale-up lots (20 and 200 L) using PA-IPC.GlycoformsHER 1 (EU)HER 2 (EU)HER 3 (EU)HER 4 (EU)HER 5 (US)HER 6 (US)Average (*n* = 6, ± 2 σ), HER Lots20 L-UPS20 L-DS200 L-UPS200 L-DSG0-2GlcNAc0.020.030.020.040.020.020.03 ± 0.020.070.070.060.05G0 F-2GlcNAc0.030.080.050.090.030.030.05 ± 0.050.040.030.040.03G0-GlcNAc0.531.510.681.660.560.650.93 ± 1.020.660.650.280.25G0 F-GlcNAc1.163.171.711.971.020.961.67 ± 1.680.800.850.580.59G03.703.943.974.573.683.853.95 ± 0.655.715.513.763.55G1-GlcNAc0.120.120.120.170.130.100.13 ± 0.050.110.110.080.11G0 F40.3242.9943.3040.9938.6937.4940.63 ± 4.6134.5836.0243.2443.99G0+ GlcNAc0.080.080.080.060.070.070.07 ± 0.020.060.070.070.07G1Fa -- GlcNAc0.240.270.210.390.250.230.27 ± 0.130.330.310.310.30M51.552.721.466.591.732.262.72 ± 3.913.933.043.412.27G1Fb -- GlcNAc0.741.561.050.620.730.710.90 ± 0.710.680.680.370.39G11.631.241.501.301.621.691.50 ± 0.371.981.941.271.31G1'0.560.480.520.500.600.640.55 ± 0.120.850.810.550.54G0 F+ GlcNAc0.080.100.080.190.090.090.11 ± 0.080.050.040.130.13G1Fa27.8823.3425.7520.6828.5328.5325.79 ± 6.4226.9427.4224.7025.06G1Fb9.268.028.737.269.439.498.70 ± 1.798.829.078.518.80G1-GlcNAc+SA0.260.260.250.260.240.220.25 ± 0.030.240.150.180.20G1+ GlcNAc0.050.070.060.040.070.060.06 ± 0.020.050.060.060.06M60.060.050.050.160.060.060.07 ± 0.090.120.110.080.09M5 F0.190.180.230.000.200.200.17 ± 0.170.220.240.170.25G1+ SA0.130.160.151.800.180.240.44 ± 1.330.080.060.080.07G1F-GlcNAc+SA & G20.800.990.900.600.740.740.80 ± 0.270.720.680.560.57G1F+GlcNAc0.260.250.240.350.270.280.28 ± 0.080.190.190.260.27G1Fa + SA0.540.460.510.420.490.480.48 ± 0.080.390.410.420.45G2F6.054.755.084.416.667.035.66 ± 2.157.747.536.576.33G1Fb + SA0.480.460.520.420.510.510.48 ± 0.080.530.540.560.61G1+ SA+M10.220.200.220.170.220.210.21 ± 0.040.170.180.160.20G2+ SA0.150.190.140.220.180.220.18 ± 0.070.110.120.120.12M70.100.090.111.090.120.140.28 ± 0.800.130.110.100.12G2Fa+GlcNAc0.110.080.100.000.110.110.09 ± 0.090.160.100.120.11G2Fb+GlcNAc0.070.060.060.080.080.080.07 ± 0.020.040.040.060.05G2Fa + SA0.640.470.500.450.650.670.56 ± 0.200.790.790.720.75G2Fb + SA0.280.200.230.210.290.320.26 ± 0.100.690.440.670.59G1+ SA+M20.150.160.150.150.170.160.16 ± 0.020.110.100.110.10G1F+SA+M20.100.070.090.080.110.100.09 ± 0.030.100.100.100.12G2a+SA+M10.070.040.050.070.080.100.07 ± 0.040.030.020.100.07M80.140.160.150.120.130.120.14 ± 0.030.050.040.020.00G2b+SA+M10.060.060.040.590.080.080.15 ± 0.430.130.050.140.08G2F + 2SA0.400.280.290.320.390.000.28 ± 0.290.760.600.540.58G2 + 2SA+M10.070.040.040.100.090.110.08 ± 0.060.100.020.140.03Unknown0.690.610.580.790.710.980.73 ± 0.290.740.730.600.72 10.1080/19420862.2020.1750794-F0003Figure 3.Relative Quantification of the Most Abundant Glycoforms from Herceptin® Antibody (Average of Six Lots with 2 Standard Deviations) and Trastuzumab Developmental Scale-up Batches.

Discussion {#S0003}
==========

The novel PA-IPC method for glycan purification improves upon more traditional MWCO-based methodology, which generally involves extended elevated temperatures and pH. Fewer fucosylated forms of non-galactosylated (G0) and galactosylated (G1) glycoforms were observed in the MWCO-IPC method ([Table 2](#T0002) and [Figure 4](#F0004)), possibly due to partial degradation (peeling off) of fucose during the sample drying step.^[42](#CIT0045)^ To further investigate this, we performed a duplicate MWCO-IPC sample preparation using a freeze-dry concentration step to mitigate the time and temperature at high pH, and found that G0 and G1 decreased under these conditions to align with the PA-IPC method quantification (supplementary figure, Figure 5) which clearly shows that the relatively higher number of afucosylated glycoforms observed from filter-assisted glycan separation approaches (MWCO-IPC and MWCO-SDC-IPC) is due to sample preparation conditions used for those approaches.10.1080/19420862.2020.1750794-F0004Figure 4.Relative Quantification of Afucosylated form of Non-galactosylated (G0) and Galactosylated Glycoforms (G1) Obtained on Trastuzumab by PA-IPC and MWCO-IPC.

Although the addition of an SDC wash step with the traditional MWCO-methodology improves the recovery of sialylated glycoforms that would otherwise remain bound to the MWCO membrane, the PA-IPC method gives the highest recovery of sialylated glycoforms by avoiding interactions with a membrane. By decreasing total sample prep time (\~1.5 h PA-IPC versus \~4 h MWCO-IPC) and utilizing mild reaction conditions, the PA-IPC method provides a sample preparation step that can be used without additional purification of all UPS and DS samples throughout a biosimilar development campaign, while the other MWCO approaches cannot be applied for UPS samples. Once glycoforms have been successfully identified on a reproducible HILIC-FLD-MS chromatogram, samples can be routinely run on HILIC-FLD alone to decrease sample run and analysis time even further.

The PA-IPC method used in this report identified twice as many glycoforms from trastuzumab as previously published, including several hybrids, mannosylated fucose, and bisected glycoforms. In a practical application of the methodology, we compared six commercial Herceptin® antibody lots, discovering one outlier, and four biosimilar development lots. This technique will allow rapid and accurate analysis of glycoforms on any Fc-containing therapeutics, including mAbs and fusion proteins. Hence, this rapid method allows the exact same methodology to be applied to all upstream and downstream samples throughout process development. This approach is very helpful in the developmental of biosimilar products, which requires comparison of the glycan profiles of a generic biotherapeutic with a reference molecule as one of the necessary ways to demonstrate biosimilarity. In addition, this method is very handy in process characterization, where process parameters are monitored with glycan profile being a critical quality attribute.

Materials and methods {#S0004}
=====================

Materials {#S0004-S2001}
---------

AssayMap® PA50 antibody purification module (protein A cartridges and purification wash buffer), PNGase F digestion set (*N*-glycanase and 25X digestion buffer) and InstantPC labeling module (IPC, modified procaine and dye solvent) were purchased from ProZyme (Hayward, CA). Sodium deoxycholate (SDC), formic acid (puriss), ammonia solution (\~26%) and acetonitrile (HPLC grade) were purchased from Sigma (St. Louis, MO). Acetone (99.8%) was purchased from Acros Organics (Fisher Scientific). The analytical column (Waters AQUITY UPLC® BEH Amide, 1.7 µm, 2.1 × 150 mm) was purchased from Waters (Milford, MA). And, 0.2-mL PCR tubes and centrifuge capable of holding 96-well plates were purchased from Eppendorf (Germany). Amicon® ultra centrifugal 30 kDa membrane filter, UFC503096 (30-kDa MWCO filter) was purchased from Millipore (Burlington, MA). Six Herceptin® antibody lots were used as innovator lots, 4 EU (Europe) and 2 US (United States); the samples were donated by a collaborator.

Sample preparation, glycan release, and glycan labeling {#S0004-S2002}
-------------------------------------------------------

### PA-IPC {#S0004-S2002-S3001}

One hundred micrograms of trastuzumab (HER 5) was first captured onto a PA cartridge by centrifuging at 50 *g* for 10 min and then washed off the matrix using washing buffer. Then, on the cartridge, *N*-linked glycans were released from the glycoprotein using 10 µL PNGase F solution (2 µL of PNGase F and 8 uL of digestion buffer) at 45°C for 45 min. About 30 µL of digestion buffer was added to the cartridge and the released glycans were collected into a 0.2-mL Eppendorf vial by centrifuging at 300 *g* for 3 min. Next, the glycans were conjugated with IPC (5 µL) at room temperature for 5--10 min. The conjugated glycans were purified from the excess dye using acetone precipitation; 950 µL of acetone was added to the sample (\~50 µL), vortexed well, and centrifuged at 18,000 *g* for 5 min. The supernatant was then discarded without disturbing the pellet and this process was repeated twice. The sample pellet was dried using vacufuge. The sample was reconstituted in 25 µL of water by vortexing and 75 µL acetonitrile was added. LC-FLD or LC-MS were then run.

### MWCO-IPC {#S0004-S2002-S3002}

One hundred micrograms of trastuzumab, HER 5 (\~4 µL of protein) was added to 4 µL of 2× digestion buffer and 2 µL of PNGase F in a 0.2-mL Eppendorf vial and incubated at 45°C for 45 min. The sample was then transferred to a 30-kDa MWCO filter (Amicon ultra centrifugal filter) with collection tube; 200 µL of water was used to wash the reaction vial and transferred to the 30-kDa MWCO filter before it was centrifuged at 14,000 *g* for 10 min. The water wash was repeated. The glycan containing solution was transferred to a 1.5-mL Eppendorf tube and concentrated using a Vacufuge to about 40 µL. The glycans were then conjugated with IPC (5 µL) at room temperature for 5--10 min. The excess reagent was removed via acetone precipitation and the sample was reconstituted as described above (PA-IPC).

### MWCO-SDC-IPC {#S0004-S2002-S3003}

The protocol for MWCO-IPC was followed as described above, except that instead of water, 200 µL of 0.5% SDC was added when centrifuging the glycans away from protein and repeated once to wash the membrane. The glycan concentration, conjugation, excess reagent removal by acetone precipitation, and sample reconstitution were performed as described above (MWCO-IPC).

Instrumentation {#S0004-S2003}
---------------

Thermo Scientific™ Ultimate™ 3000 UPLC systems were used with AQUITY UPLC BEH Amide column and fluorescence detector (excitation at 285 nm and emission at 345 nm). The labeled glycans were identified using LC-MS (Thermo Scientific™ Q Exactive™ Plus Orbitrap).

Liquid chromatography {#S0004-S2004}
---------------------

A 63-min LC method was used for the separation of labeled glycans at a flow rate of 0.5 mL/min. Mobile phase A was 100 mM ammonium formate, pH 4.4; mobile phase B was 100% acetonitrile. The separation of labeled glycans was achieved using a shallow LC elution gradient of 23--39% solvent A over 48 min (0--2 min stay at 23% A, 48 min of shallow gradient from 23% to 39% of A, 1 min of rapid gradient to reach 90% of A, remaining 90% A for 5 min, 1 min rapid gradient to reach original 23% of A and then remain 23% of A for 6 min giving total LC run time of 63 min). During the separation, the column compartment temperature was maintained at 60°C, and a fluorescence detector was used. Relative quantification of each glycoforms (including unknown) is calculated by dividing each area of glycoform peaks by total area of peaks fall approximately between 11 and 40 min.

Mass spectrometry {#S0004-S2005}
-----------------

The Thermo Scientific Q Exactive Plus Orbitrap mass spectrometer was operated in positive ion mode with ESI voltage set to 3.5 kV and capillary temperature set to 325°C. Full MS was operated at 70,000 resolution and the scan range was set to 500--2500 *m*/*z*. An AGC target for MS was 3e^6^ and maximum injection time (IT) was 100 ms. The sheath gas flow rate was set to 25 mL/min while auxiliary gas flow rate was set to 10 mL/min (temperature, 250°C). MS identification of glycoforms was performed manually by mass-to-charge ratio and assigned to the HPLC-HILIC-FLD profile based on retention time.
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###### Supplemental Material

[^1]: ^a^Glycoforms identified when 2-AB glycan derivatization is used.

[^2]: Glycoforms are presented in the order they appear on the chromatogram.

[^3]: RT: retention time, RA: relative area, RSD: relative standard deviation.
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[^4]: Highlighted glycoforms exhibit significantly different relative area across the methods.
